The recurring translocation t(11;16)-(q23;p13.3) has been documented only in cases of acute leukemia or myelodysplasia secondary to therapy with drugs targeting DNA topoisomerase II. We show that the MLL gene is fused to the gene that codes for CBP (CREB-binding protein), the protein that binds specifically to the DNAbinding protein CREB (cAMP response element-binding protein) in this translocation. MLL is fused in-frame to a different exon of CBP in two patients producing chimeric proteins containing the AT-hooks, methyltransferase homology domain, and transcriptional repression domain of MLL fused to the CREB binding domain or to the bromodomain of CBP. Both fusion products retain the histone acetyltransferase domain of CBP and may lead to leukemia by promoting histone acetylation of genomic regions targeted by the MLL AT-hooks, leading to transcriptional deregulation via aberrant chromatin organization. CBP is the first partner gene of MLL containing well defined structural and functional motifs that provide unique insights into the potential mechanisms by which these translocations contribute to leukemogenesis.
The t(11;16)(q23;p13.3) is a rare recurring translocation that has been described in 11 patients to date (1) . All of these patients have therapy-related acute leukemia of myeloid or lymphoid phenotype, or myelodysplasia, after exposure to DNA topoisomerase II inhibitors (anthracyclines or epipodophyllotoxins) for treatment of a primary malignancy.
MLL (also called ALL1, Htrx, and HRX; refs. [2] [3] [4] [5] [6] , which is located on chromosomal band 11q23, is involved in translocations with at least 40 different partner genes (7) (8) (9) . These translocations result in acute leukemia, either lymphoblastic or myeloid͞monocytic, with a close correlation between the specific translocation and a particular leukemia phenotype. MLL also is involved in translocations that occur secondary to therapy of a primary malignant disease with drugs that target DNA topoisomerase II and result in therapy-related acute myeloid leukemia or acute lymphoblastic leukemia (10) (11) (12) (13) (14) . The t(11;16)(q23;p13.3) occurs only in therapy-related leukemia or myelodysplasia, in contrast to other MLL translocations such as the t(9;11), t(4;11), or t (11;19) , which are seen primarily in de novo leukemia with no more than about 5-10% having leukemia occurring after treatment.
MLL codes for a very large protein, with a predicted molecular mass of 431 kDa (4) (5) (6) . The protein contains several domains identified by homology to other proteins or by functional analysis. Three AT-hook DNA-binding domains near the amino terminus also are found in the high-mobility group proteins HMG-I(Y) (15) . MLL contains a region of homology to mammalian DNA methyltransferases, transcriptional activation and repression domains, and a cysteine-rich region that forms three C4HC3 zinc fingers [plant homeodomain (PHD) or leukemia-associated-protein domains] (16) (17) (18) (19) (20) (21) . The PHD domain and the SET [Su(var)3-9 enhancer of zeste, and trithorax] domain at the carboxyl terminus are the regions most conserved with the Drosophila trithorax (trx) protein. Trx is required to maintain the proper expression of homeotic genes of the Bithorax and Antennapaedia complexes in Drosophila. Mice with a single disrupted Mll gene created by homologous recombination display bidirectional homeotic transformations and those with homozygous deletions die at embryonic day 10.5 (22) . This is similar to changes observed in trx mutant Drosophila. It is thought that trx regulates homeotic expression at the level of chromatin organization by maintaining an ''open'' chromatin structure.
CBP previously has been mapped to chromosome band 16p13.3. Its genomic locus spans approximately 190 kb, is transcribed from centromere to telomere, and encodes a large protein of 2,442 amino acids (refs. 23-25, this manuscript). CBP is a global transcriptional coactivator involved in the regulation of various DNA binding transcription factors. CBP interacts with the cAMP response element-binding protein (CREB), which is activated as a result of phosphorylation by protein kinase A. CBP also binds to JUN and ATF1 in a phosphorylation-dependent manner, to YY1, FOS, MYB, and to the RelA (p65) subunit of NF-B (26) (27) (28) (29) (30) . CBP binds to P͞CAF, a histone acetyltransferase that preferentially acetylates histone H3 in mononucleosomes (31) . CBP also possesses intrinsic histone acetyltransferase activity and can acetylate all four core histones in nucleosomes (32, 33) . Thus, CBP can serve as a multifunctional adaptor protein that coordinates signals from many sequence-specific activators to modulate transcription and͞or cell cycle progression. It also may contribute directly to transcriptional regulation via targeted acetylation of chromatin.
CBP is the gene responsible for Rubinstein-Taybi syndrome (RTS), a developmental disorder characterized by facial anomalies, broad thumbs, broad big toes, mental retardation, and a propensity for development of malignancies (34, 35) . Constitutional microdeletions, translocations, inversions, and point mutations in the CBP gene have been found in patients with RTS (24) . Patients are heterozygous for these mutations leading to the proposition that haploinsufficiency may be the cause of the syndrome (24) . The CBP gene also has recently been described as the translocation partner in the t(8;16) in which MOZ, a putative acetyltransferase located on 8p11, is fused to CBP (25) . This translocation results in acute myeloid leukemia, both de novo and therapy related, classified mainly as FAB M4 or M5 (36, 37) .
In this paper, we show that MLL is fused to CBP in therapy-related acute myeloid or lymphoid leukemia and myelodysplasia in the t (11;16) , and propose mechanisms by which this fusion may contribute to leukemogenesis. A better understanding of the molecular processes affected by the fusion of these genes (MLL and CBP) may shed light on the role of MLL and its multiple other fusion partners in the development of leukemia.
MATERIALS AND METHODS
Southern Blot and Spot Blot Hybridization. DNA was extracted from cryopreserved patient material, digested with restriction enzymes, electrophoresed on 0.8% agarose gels, and transferred onto nylon membranes. Hybridization was performed at 42°C with 32 P-labeled cDNA probes. The probe used in this case was the 0.74-kb fragment that spans the MLL breakpoint cluster region (BCR) (exons 5-11) (8) . The blots were washed at a final stringency of 1% saline sodium citrate buffer and 1% sodium dodecyl sulfate before autoradiography. p1 artificial chromosome (PAC) DNA and cosmid DNA also were spotted onto nylon membranes, and hybridization and radiolabeling with CBP cDNA probes were performed as described above. CBP cDNA probes used were a 1.1-kb fragment encoding amino acids 1-346, a 1.2-kb fragment encoding amino acids 722-1,120, and a 4.8-kb fragment encoding amino acid 1,120 through the 3Ј untranslated region (UTR). Hybridization of PAC DNA with genomic probes spanning the 5Ј end of the CBP gene (to map the extent of the PAC relative to the CBP genomic region) also was performed using similar conditions. PAC͞Yeast Artificial Chromosome (YAC) Screening. PAC (Genome Systems-Down to the Well) and YAC libraries were screened using the PCR primers V16T1 (5Ј-AGC ACATCC CAG AAC AGA AAA TCAG-3Ј) and V16B2 (5Ј-CTG-CACTGTTAAAGAAATCTCTTTGGGG-3Ј). Approximately 700 mega YACs, which comprise the chromosome 16 physical map, were grouped into 94 pools representing 94 overlapping bins from pter to qter. YACs, which make up positive pools, were screened individually to identify the positive YAC(s). PCR conditions for YAC screening were done as previously described (38) .
Fluorescence in Situ Hybridization (FISH) Analysis. FISH was performed as previously described (39) . A mixture of cosmids c365F4, c444A4, c443G8, c388H4, c304A10, c312B2, c379G3, c330H2, c58E12, c307E6 (NAD) as well as cosmids TES2, 541E10-c23, TES 5, 541E10-C53, and 376E2-C1 (JB) were used for FISH on patient material.
MLL-CBP RT-PCR Assay. Total RNA was extracted from cryopreserved patient material (patient 1) or from material previously processed for cytogenetic purposes (patient 2) using TriReagent (Molecular Research). First-strand cDNA was made from 5 g of RNA, using the first-strand cDNA cycle kit (Invitrogen), according to manufacturer's instructions. Two microliters of the reaction was used as template for nested RT-PCR using MLL exon 5 or 6 (forward) primers and CBP (reverse) primers for amplification of MLL-CBP fusion transcripts.
For patient 1, primers used in the first round were 5Ј-GTCCAGAGCAGAGCAAACAGAAAAAAGTGGCTC-CC-3Ј (MLL exon 6) and 5Ј-ATAATATTCATCCCTGCTGT-TGGC-3Ј (CBP). In the second round, primers used were 5Ј-GCCCA AGTATCCCTGTAAAACAAAAACCA A A-AG-3Ј (MLL exon 6) and 5Ј-AGACTCGTACATGTCCCCT-TCCAC-3Ј (CBP). For patient 2, primers used in the first round were 5Ј-GGATCCTGCCCCA A AGA A AGCAG-TAGTGAGCC-3Ј (MLL exon 5) and 5Ј-AGGAATGGTA-CACAGCTGCTTCCC-3Ј (CBP). In the second round, primers used were 5Ј-GCCAGCACTGGTCATCCCGCCT-CAG-3Ј (MLL exon 5) and 5Ј-CAGCACAAAGTCTGT-GGGGAAAA-3Ј (CBP). PCR reactions were in a final volume of 50 l with 0.4 M each primer, 125 M each dNTP, PCR buffer (10 mM Tris⅐HCl͞1.5 mM MgCl 2 ͞0.1% Triton X), and 2 units of Taq polymerase. PCR amplification was performed for 35 cycles (94°C for 1 min, 60°C for 1 min, and 72°C for 2 min). PCR products were analyzed by electrophoresis on a 1% agarose gel. RT-PCR experiments to amplify the CBP-MLL fusion in patient 1 used identical conditions. Primers used in the first round were 5Ј-GTTCCAGATGCTGCTTC-CAAAC-3Ј (CBP) and 5Ј-GGGGGGTCTAGACCTGTG-GACTCCATCTGCTGGAAT-3Ј (MLL exon 7). In the second round primers used were 5Ј-AACAACTGTCGGAGCT-TCTACGAG-3Ј (CBP) and 5Ј-TTGGAGAGAGTGCT-GAGGATGTTC-3Ј (MLL exon7). The position of the CBP primers used in these experiments are indicated by arrows under the appropriate sequence in Fig. 4 .
Subcloning and Sequencing of PCR Products. PCR products were purified after electophoresis on agarose gels using the Qiaquick protocol (Qiagen) according to manufacturer's instructions. Subcloning into the pcr 2.1 vector was performed using the TA cloning kit (Invitrogen). Dideoxy sequencing was performed using Sequenase version 2.0 (U.S. Biochemicals).
RESULTS
Genomic DNA Cloning of the t(11;16). We previously had determined in two cases of t(11;16)(q23;p13) that MLL was the gene on chromosome 11 involved in the translocation (40, 41) .
A Southern blot analysis of DNA from one patient (40) digested with EcoRI demonstrated a 6.5-kb rearranged band using an MLL probe (Fig. 1A) . To determine the partner gene on chromosome 16, a genomic breakpoint clone was obtained from a library of EcoRI-digested genomic DNA from this patient (patient 1). Partial sequencing of this clone and comparison to the MLL genomic breakpoint cluster region (BCR) sequence (42) revealed that it corresponded to the der(16) fusion product. It contained 4.2 kb of normal MLL sequence that ended within intron 6, fused to 2.3 kb of novel sequence (Fig. 1B) . A nonrepetitive sequence within this region was hybridized to a somatic cell hybrid panel blot and was shown to be from chromosome 16 (data not shown). This sequence was used to design primers that amplify a 600-bp sequence tagged site (STS) (Fig. 1B) to use for PCR screening of genomic PAC and YAC libraries. A single PAC clone, S10622, isolated with these STS primers was used for FISH. The hybridization signal on normal chromosomes occurred in (38) . A single YAC clone (615F4) was identified from these pools, but was found to be chimeric and not useful as a probe for FISH. This YAC was located on the chromosome 16 physical map near the CBP gene based on previous STS content results (38) , suggesting that CBP was a good candidate gene for the MLL fusion partner. CBP cDNA clones were used as probes to determine whether the PAC contained any CBP coding sequence. A probe that codes for the amino end of the protein (a 1.1-kb PstI fragment containing amino acids 1-346) hybridized to the PAC, whereas probes that span the more carboxyl regions (a 1.2-kb EcoRI fragment that spans amino acids 722-1,120 and a 4.8-kb fragment that codes for amino acid 1,121 through the 3Ј UTR) did not hybridize to the PAC. This indicated that the PAC isolated using the genomic breakpoint STS contained CBP coding sequences corresponding to the amino terminus of CBP (Fig. 2) .
Because CBP exons were contained in the genomic PAC clone, we next obtained cosmids that spanned the CBP gene region and used them for FISH analysis of patient material to determine whether CBP was involved in the t(11;16). Using a mixture of CBP cosmids, a signal was obtained on both the der(11) and der(16) chromosomes, confirming that CBP is split in the t(11;16) (Fig. 3) .
Complete Human CBP cDNA Sequence. Although the sequence of murine CBP is available (excluding the UTRs), only partial sequences corresponding to its human counterpart have been reported. We previously have deposited a partial human CBP cDNA sequence extending from within the 5Ј UTR to amino acid 405 (U47741). Additionally, a preliminary human protein sequence of the first 1,267 amino acids has been published (43) . The GenBank entry (S39162) for a human CBP protein is actually a chimera of human and murine sequences (human from 1-1,267 and murine from 1,268-2,440). Because three different human disorders are now known to be associated with mutations within CBP, we decided to sequence the entire human cDNA to obtain an unambiguous sequence (Fig.  4) . This sequence was redeposited as an update of U47741. A series of overlapping CBP cDNAs from a U937 cDNA library were sequenced using an Applied Biosystems PRISM DNA sequencer. Human CBP encodes a protein of 2,442 amino acids, which is highly conserved with its mouse counterpart (95% identity, 96.5% similarity). Comparison of our human CBP sequence with mouse CBP (S66385) and p300 (a functional homologue of CBP) suggests that amino acids 1,418-1,429 of murine CBP are frameshifted. The human cDNA sequence was used to design multiple sets of nested primers to identify the RT-PCR junction fragments between MLL and CBP.
RT-PCR Analysis of t(11;16) Patient Material. To determine where within MLL and CBP the break occurs, and whether the translocation results in an in-frame fusion of MLL to CBP, we used RT-PCR to amplify the cDNA junction from two patients. Oligonucleotide primers were designed from exons 5 and 6 of MLL and from the CBP gene (Fig. 4) . Patient 1 had a more centromeric break in CBP at the genomic level, while patient 2 had a more telomeric break as determined by FISH experiments with PAC DNA (Fig. 2) (1) . Amplification of cDNA from patient 1 resulted in a 1,169-bp fragment after nested RT-PCR with MLL exon 6 (forward) primers and CBP (reverse) primers (data not shown). A 768-bp fragment was obtained on amplification of cDNA from patient 2 with MLL exon 5 (forward) primers and more telomeric CBP (reverse) primers. The PCR fragments were subcloned and sequenced. Analysis of the sequence of these chimeric transcripts revealed an in-frame fusion between MLL codon 1,362 and CBP codon 267 in patient 1 (Fig. 5) . In patient 2, MLL codon 1,362 was fused to CBP codon 1,021. Use of CBP (forward primers) and MLL exon 7 (reverse primers) to amplify the CBP-MLL fusion transcript produced from the der(16) chromosome in patient 1 resulted in a 665-bp fragment. Sequencing of this fragment showed an in-frame fusion of CBP codon 266 to MLL codon 1,363 (Fig. 5) .
DISCUSSION
Cloning of the t(11;16) breakpoint of therapy-related acute leukemia has demonstrated that MLL is fused to the CBP gene (Fig. 5C ). The breaks in MLL fall within the previously described 8.3-kb genomic BCR (8, 44) . The location of the breaks within CBP span a very large genomic region that consists mainly of one intron. It is intriguing that, to date, all cases of t(11;16) occur secondary to treatment for a primary malignancy with drugs that target DNA topoisomerase II (1). We previously have noted the association of prior treatment with topoisomerase II-targeting drugs, particularly the epipodophyllotoxins, and therapy-related acute myeloid leukemias with MLL translocations (11) . We and others also have identified a unique strong in vivo topoisomerase II cleavage site within the MLL BCR that is induced by treatment of cells with either VP16, VM26, or doxorubicin (45, 46) . It may be that the genomic region of CBP that is involved in the therapy-related acute myeloid leukemias with a t(11;16) is especially accessible to rearrangements with MLL after exposure to drugs that target DNA topoisomerase II. It will be informative to map the location of drug-induced cleavage sites within CBP, and to determine whether the DNA only becomes accessible to fusion with MLL after drug treatment.
Translocations involving in-frame fusion of CBP to another gene result in acute leukemia [both the t(11;16) described in this report and the t(8;16)]. In the first patient studied here, the break in CBP occurs after amino acid 266. Interestingly, this is the same region of CBP that is fused to MOZ in the t(8;16) that also results in acute myeloid leukemia (25) . Patients with t(8;16) are predominantly classified as FAB M4 (myelomonocytic) or M5 (monocytic), similar to the majority of patients with acute myeloid leukemia involving MLL. In the second patient studied here, however, the break in CBP occurs after amino acid 1,021, just upstream of the bromodomain and histone acetyltransferase domain. In contrast, deletions or point mutations of this gene result in RTS (24) . Translocations also have been observed in RTS, but it is not known whether they result in novel fusion messages (24) . The mutations that occur in RTS are constitutional, therefore are present in all tissues, whereas the CBP translocations that result in leukemia occur somatically in the hematopoietic precursor cells. In both cases only one allele of CBP is affected. This strongly suggests that a novel function, due to activity contributed by the fusion of CBP to MLL or to MOZ, can result in leukemia. Alternatively there may be three events involved, including haploinsufficiency caused by loss of one functional allele of both MLL and CBP, and gain of function with the fusion product. General genomic instability of this region is revealed by the inversions, deletions, and translocations found in patients with RTS and also by the t(8;16) and t(11;16).
The function of MLL is unknown; however, because of its homology to Drosophila trx, it is thought to be critical for maintaining the proper expression of homeotic genes. Evidence to support this hypothesis is found in recent experiments that demonstrate altered Hox gene expression and bidirectional homeotic transformations in Mll-mutant mice (22) . Some information is known about several functional domains of MLL that suggest potential mechanisms of action. In the t(11;16), the resultant fusion product expressed from the der(11) chromosome contains the AT-hooks, the methyltransferase homology domain, and the repression domain of MLL and the carboxyl portion of CBP, whereas there is loss of the cysteine-rich C4HC3 PHD domains (20) and the activation domain of MLL in the der(11) product (18) . What is also likely to be critical in generating the leukemia phenotype are the novel domains of CBP that are juxtaposed to MLL sequences. The der(11) fusion product in patients with the more centromeric DNA break, would lose only the domain of CBP that binds nuclear hormone receptors, whereas in patients with the more telomeric break, the CREB binding domain is also lost. The shorter MLL-CBP fusion presumably would not retain the ability to act as a transcriptional coadaptor in the cAMP-and mitogen-responsive signaling pathways, or in the nuclear hormone pathways. However, it should maintain its function as an adaptor protein that coordinates cell cycle progression with NF-B transcriptional regulation. Moreover, the fusion proteins presumably would retain CBP's ability to acetylate all four core histones, whether free or in nucleosomes. Targeted histone acetylation could contribute to promoter activation by changing or disrupting the repressive chromatin structure (31, 47) . The bromodomain also would be retained, which is thought to be important in protein-protein interactions as well as modulation of chromatin because of its conservation in the SWI͞SNF2 complex, that appears to modulate the chromatin of the genes it regulates (48, 49) . All of these functions would be brought to the amino terminal portion of MLL, that presumably would retain its ability to bind AT-rich DNA, perhaps redirecting the chromatin modification and coadaptor functions of CBP to inappropriate genomic regions.
None of the other partner genes of MLL cloned to date has been characterized in as much detail structurally or functionally as CBP. There is strong evidence, though, that these partner genes are critical in leukemogenesis. Almost all the breaks occur in the same region in MLL yet the leukemia phenotype varies depending on the partner gene involved in a particular translocation. Moreover, Mll-AF9 chimeras, created by homologous recombination develop acute myeloid leukemia, similar to patients with the t(9;11), whereas Mll-myc chimeras do not (50) . A recent report has shown that ELL, the partner gene of MLL in the t(11;19)(q23;p13.3) encodes an RNA polymerase II elongation factor (51) . This provides another example (besides CBP) of a partner gene of MLL that is involved in gene regulation, although its mechanism of action has not yet been elucidated. It will be important to study other partner genes of MLL to determine whether they possess any domains functionally analogous to some or all of the multiple domains contributed by CBP to the MLL͞CBP fusion. It will be particularly important to determine whether MLL or any of its partner genes possess histone acetyltransferase activity. A similar type of functional activity could be present in the various genes involved even though they do not contain a conserved motif that is apparent in the amino acid or DNA sequence (32) . This may generate a more global or unifying hypothesis with regard to the role of the partner gene(s) in the many translocations in which MLL is involved.
Note Added in Proof. Since submitting this paper, we have learned that two other groups also have recently demonstrated that MLL and CBP are the genes involved in the 11;16 translocation (52, 53). We also have learned that another group recently sequenced the human CBP cDNA (54) .
